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Abstract As hybrid cochlear implant devices are increasingly used for restoring hearing in patients with residual
hearing, it is important to understand electrically evoked responses in cochleae having functional hair cells. To test
the hypothesis that extracochlear electrical stimulation（EES）from sinusoidal current can provoke an auditory nerve
response with normal frequency selectivity, the EES-evoked compound action potential（ECAP）was investigated in
this study. Brief sinusoidal electrical currents, delivered via a round window electrode, were used to evoke ECAP.
The ECAP waveform was observed to be the same as the acoustically evoked CAP（ACAP）, except for a shorter laten⁃
cy. The input/output and intensity/latency functions of ACAPs and ECAPs were also similar. The maximum acoustic
masking for both ACAP and ECAP occurred near probe frequencies. Since the masked tuning curve of a CAP re⁃
flects the frequency selectivity of neural excitation, these data demonstrate a highly specific activation of the auditory
nerve, which would result in high degree of frequency selectivity. This frequency selectivity likely results from the co⁃
chlear traveling wave caused by electrically stimulated outer hair cells.
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tential
Introduction
It has been found that extracochlear electrical stimula⁃
tion（EES）by delivering current to the round window
niche provokes otoacoustic emissions at the stimulated
frequencies［1-6］. In the gerbil, the transfer function of the
extracochlear electrically evoked otoacoustic emission
（EEOAE）shows a bandpass appearance ranging from a
few kHz to above 30 kHz. Across all frequencies, the
amplitude of the EEOAE has a positive linear relation⁃
ship to the applied current levels. EES produces not on⁃
ly an EEOAE but also an acoustic-like traveling wave
on the basilar membrane（BM）［１］. These data indicate
that outer hair cells（OHCs）located inside the electrical
field generated by the applied current produce mechani⁃
cal vibrations at the stimulated frequencies through
their electrical-mechanical transduction. This electri⁃
cally evoked mechanical energy propagates to the exter⁃
nal ear canal to form the EEOAE and to its resonant
place along the BM［3，7］. Forward propagated energy at a
resonant location should stimulate inner hair cells in a
manner identical to an acoustically evoked traveling
wave and cause auditory nerve excitation. Since the trav⁃
eling wave mechanism works as a frequency analyzer in
the cochlea［8］, a normal frequency selectivity is expected
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from this electrically evoked response. The aim of this
study is to test whether EES with a brief sinusoidal elec⁃
trical current can provoke an auditory nerve response
with normal frequency selectivity. The cochlear com⁃
pound action potential（CAP）and the masking tuning
curve were used to measure auditory nerve excitation
and its frequency selectivity.
Material and Methods
Animal preparation was similar to a method described
previously［4, 9-11］. Experimental protocols were approved
by Oregon Health Sciences University Committee on
Use and Care of Animals. Eleven healthy young Mongo⁃
lian gerbils weighing 55 to 90 g were used in this study.
Analgesia and tranquilization were provided by fentanyl
（0.32 mg／kg i.p.）and pentobarbital sodium（30 mg／
kg i.p.）. Rectal temperature was maintained at 38 ± 1℃
with a servo-regulated heating blanket. A tracheotomy
was performed and a ventilation tube was inserted into
the trachea to ensure free breathing. The auditory bulla
was opened through a ventral surgical approach and the
middle ear muscles were cut. A Teflon-insulated 3-T
platinum-iridium electrode with an uninsulated 200 ~
300 μm diameter ball was placed in the round widow
niche. Another platinum-iridium electrode was placed
on the surface of the first cochlear turn. For CAP mea⁃
surement, an Ag-AgCl ball electrode was placed in the
round window niche, and another Ag-AgCl electrode in
the muscle near the bulla was used as a ground elec⁃
trode. A 1 ms sinusoidal signal with a 0.5 ms rise/fall
time and alternated phase, was generated by a computer
with a D／A converter. This electrical stimulus was de⁃
livered to the platinum-iridium electrodes through a bat⁃
tery-powered optically isolated stimulator. The current
level was controlled by a programmable attenuator. Af⁃
ter amplification with a gain of 1000, the round window
signal was digitized over a 10 ms time window with an
A／D converter and averaged 128 times. For compari⁃
son of ECAP and ACAP, an acoustic tone at the same
frequency as the electrical stimulus was delivered to the
external ear canal through an earphone. The earphone
was coupled to a microphone（Etymotic Research
ER-10B + , Elk Grove Village, IL） for monitoring the
sound pressure in the ear canal. ECAP and ACAP at dif⁃
ferent frequencies and different stimulus levels were col⁃
lected in 7 animals. To observe the forward masking re⁃
sponses of ECAP and ACAP, in 4 animals, a 10 ms
acoustic tone burst at different frequencies was present⁃
ed 10 ms before the onset of electrical or acoustical stim⁃
ulus. The sound pressure levels of different masker fre⁃
quencies, at which CAPs were suppressed from 10 μV
to 1 μV, defined the masking tuning curves.
Results
The ACAP thresholds at 4, 8, 12, 16, 20 and 24 kHz
were below 25 dB SPL in all animals. ECAP thresholds
were 2 to 10 μA p-p. Fig.1 shows a series of CAP re⁃
sponses evoked by electrical and acoustic stimuli. The
ECAP and ACAP data shown were both collected at the
same frequency（16 kHz）for different levels of electri⁃
cal and acoustic stimulation. The two dominant peaks of
the typical CAP, N1 and N2, were clearly shown in the
ECAP and ACAP responses. As the sound pressure or
Fig.1 A series of CAP responses evoked by electrical and
acoustic stimuli. Both of the ECAP and ACAP data were col⁃
lected at 16 kHz and from the same guinea pig. As electrical
or acoustic level is raised from low levels, N1 is the first to ap⁃
pear, followed by N2 at higher intensities. Except for the short⁃
er latency, ECAP's waveform is very similar to that of ACAP.
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electrical current level was raised from low levels, N1
was the first to appear, followed by N2 at higher intensi⁃
ties. The N1 threshold was approximately 5-10 dB low⁃
er than the N2 threshold. For electrically evoked CAP,
the first ms of the curves was dominated by electrical
current-caused artifacts.
The latency of ECAP was significantly shorter than
that of ACAP. The CAP latency was defined as the time
delay from the onsets of electrical or acoustic stimulus
in the electrode or the ear canal to the start of the CAP
response. For convenience, the latency of ECAP or
ACAP was measured by the time difference between the
onset of stimuli and the time when the negative N1 peak
occurred. The latency of ECAP was shorter than that of
ACAP across different stimulus levels. The difference
between the ECAP and ACAP time delay at the compa⁃
rable CAP level with the same N1 amplitude was approx⁃
imately 0.5 ms. This time difference indicated the prop⁃
agation time of the acoustic stimulus from the speaker to
the cochlea through a 15 cm tube. The latencies also
showed dependence on the stimulus level for both ECAP
and ACAP. With the decrease of stimulus level, the neg⁃
ative N1 peak clearly shifted to the right, showing that
longer N1 latencies resulted from lower level stimuli.
The frequency dependence of the latency of ECAP is
presented in Fig.2. The data in this figure were collected
from the same ear as Fig.1. Each ECAP curve was
evoked by an electrical tone burst at different frequen⁃
cies but with the same current level（40 μA p-p）. As
the stimulus frequency increased, the ECAP latency de⁃
creased rapidly from ~2.5 to 1.5 ms. The decrease rate
became smaller at frequencies above 5 kHz. The latency
of ECAP reached the minimum at ~12 kHz and then
gradually increased slightly.
Fig. 3 A presents the input／output（I／O）function
of the ECAP and ACAP at the frequencies of 4, 8, 12
and 16 kHz. For electrical stimuli, the stimulus levels
were referred to 40 μA p-p. For acoustic stimuli, the
stimulus levels were attenuated from the sound pressure
Fig.2 Frequency dependence of ECAP latency. The data
were collected at the electrical current level of 40 μA p-p.
The latency, time from the onset of stimuli to the N1 peak, is
plotted as a function of frequency. The latency decreases with
frequency and reaches the minimum around 12 kHz. Above 12
kHz, the latency increases slightly as frequency increases.
Fig.3 (A) The input/output functions of ECAP are similar to ACAP input/output function. (B) A negative linear relationship be⁃
tween the latency and stimulus level in dB for both ECAP and ACAP.
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level at which the ACAP amplitude was approximately
equal to the ECAP evoked by 40 μA p-p current. This
sound pressure level varied from 30 to 40 dB SPL at 4 to
16 kHz. A positive I／O function was found for both
ECAP and ACAP across frequencies. Approximately,
the ECAP I／O curves had the same slope as ACAP I／
O curves.
Fig.3 B presents the ECAP and ACAP stimulus level/
latency function. The results presented in this figure
were obtained from the same ear as the data in Fig.3 A.
However these data were representative of findings in
the other subjects. For each curve, the data were collect⁃
ed at the same frequency with different electrical or
acoustic stimulus levels. A negative linear relationship
between the latency and stimulus level in dB was dem⁃
onstrated for both ECAP and ACAP. As Fig.1, Fig. 3
shows that ECAP latencies were consistently about 0.5
ms shorter than ACAP at comparable response ampli⁃
tude at the same frequency.
Acoustic forward masking tuning curves for ECAP
and ACAP are shown in Fig.4. The abscissa indicates a
linear scale of frequency in kHz, and the ordinate is a
scale of sound pressure level（dB SPL）of acoustic mask⁃
ers required for complete masking of ECAP or ACAP.
The general shapes of the ECAP masking tuning curves
（solid line）are similar to those of the ACAP masking
tuning curves（dashed line）. The negative peaks of
ECAP and ACAP suppression tuning curves are located
at the same frequency location near the probe tone fre⁃
quency. This indicates that the strongest suppression oc⁃
curs at approximately the same frequency as the probe
tone for both ECAP and ACAP.
Discussion
The electrophonic effect［５］has been intensively stud⁃
ied, since it was first experienced and described by Vol⁃
ta in 1800［１２－１４］. Flottorp［15］ studied the electrophonic
effect and concluded that the origin of the effective stim⁃
ulus was acoustic energy generated by mechanical vibra⁃
tion at the interface between an electrode and the skin.
From studies of the cochlear prosthesis, a contribution
of electrophonic effect has been found in the electrically
induced brainstem responses［16-20］. McAnally et al［21］.
found that a sinusoidal electrical current could mask
conventional CAPs, suggesting a spatial tuning of the
hair cell mediated response along the cochlea. Kirk and
Yates ［22］ found that intracochlear electrically evoked
CAPs could be masked by acoustic tones in guinea pig
ears, indicating electrically evoked travelling waves in
the cochlea. Like intracochlear electrical stimulation in
the gerbil and guinea pig ［23］, extracochlear electrical
stimulation produces an EEOAE in the gerbil［４］. Direct
measurement of the basilar membrane vibration demon⁃
strated electrically evoked acoustic-like travelling
waves at different frequencies of stimulation［1］. Although
the extracochlear electrically evoked auditory nerve re⁃
sponse with normal frequency selectivity has been hy⁃
pothesized, it has not been demonstrated experimental⁃
ly.
The data presented in Fig.1 demonstrate that electri⁃
cal activity was provoked by 1 ms sinusoidal electrical
current delivered to the round window niche. These re⁃
sponses occur after the electrical stimuli, with a time de⁃
lay longer than 1 ms and their shape is identical to a
conventional CAP. The latency of the electrically
evoked response is longer than any electrically caused
artifact and shorter than the latency of the acoustically
evoked CAP at the same frequency and comparable lev⁃
els. The latency of the electrically evoked response was
frequency dependent, and could be masked by an acous⁃
Fig.4 ECAP masking tuning curves（solid line）are similar to
those of ACAP masking tuning curves (dished line) with the
same probe tone frequency. The negative peaks of ECAP and
ACAP suppression tuning curves are near the probe tone fre⁃
quencies.
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tic tone at the same or near probe frequency. These
characteristics indicate that the electrically evoked re⁃
sponse should be considered as an electrically evoked
cochlear compound action potential（ECAP）, dependent
on evoked synchronized electrical activity of the audito⁃
ry nerves. Similarities between ECAP and ACAP in the
input／output function, latency/intensity function, espe⁃
cially the forward masking tuning curves indicate that
ECAP have an equal frequency selectivity as
tone-evoked CAPs. Thus, this experiment demonstrates
that the extracochlear electrical stimulation by a sinusoi⁃
dal current causes auditory nerve response with a normal
（acoustic-like）frequency selectivity in the normal ger⁃
bil cochlea. This frequency selectivity likely results
from the cochlear traveling waves, which are caused by
electrically stimulated outer hair cells. The current re⁃
sults may be of significance in future technology for pros⁃
thetic stimulation of the impaired ear, particularly those
with significant residual functional hair cells and hear⁃
ing.
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